Unconventional hydrocarbon resources from low-permeability formation, i.e., tight sands and shales, are currently received great attention because of their potential to supply the entire world with sufficient energy for the decades to come. In the past few years, as a result of industry-wide R&D effort, progresses are being made towards commercial development of gas and oil from such unconventional resources. However, studies, understandings, and effective technologies needed for development of unconventional reservoirs are far behind the industry needs.
Introduction
Significant progress has been made in the past decade in producing gas and oil from unconventional petroleum resources, including low-permeability shale oil and gas reservoirs, and tight gas formations. However, low gas/oil recovery rate from such unconventional resources remains as the main technical difficulty. For example, gas recovery rate from these unconventional resources is estimated at 10-30% of GIP, much lower from conventional gas reservoirs. Gas and oil production or flow in such extremely low-permeability formations is complicated by flow condition and many co-existing processes, such as severe heterogeneity, Klinkenberg effect (Klinkenberg, 1941) , non-Darcy flow behavior, adsorption/desorption, strong interactions between fluids (gas and water) molecules and solid materials within tiny pores, as well as micro-and macro-fractures of shale and tight formations. Currently, there is little in basic understanding on how these complicated flow behavior impacts on gas flow and the ultimate gas recovery from such reservoirs. There is a general lack in technologies or approaches available for effective gas production from unconventional reservoirs (MIT, 2010) , except two technologies: horizontal drilling and hydraulic fracturing, which seems to work (Denny, 2008; Bybee, 2008; King, 2010) . In particular, there are no effective and applicable reservoir
Mathematical Framework Model
The unconventional oil/gas reservoir simulator to be developed will couple multiphase fluid flow and mass diffusion with effect of rock deformation and chemical reaction of adsorption and desorption processes in unconventional reservoirs. In numerical formulation, the integral finite difference method ) will be used for space discretization of multidimensional fluid and heat flow in porous and fractured reservoirs using an unstructured/structured grid. Time will be discretized fully implicitly as a first-order backward finite difference. Time and space discretization of mass balance equations results in a set of coupled non-linear equations, to be solved fully implicitly using Newton iteration.
Multi-continuum approaches to be implemented include the classical double-porosity model, the more rigorous dual-continuum generalization of the MINC, and the multi-continuum model (Kazemi, 1969; Pruess and Narasimhan, 1985; Wu and Pruess, 1988) . The general multi-continuum modeling approach is also able to handle discrete-fracture model and hybrid grids of combining discrete-fracture, multicontinuum-, and single-continuum models (Wu and Qin, 2009) . The proposed mathematical model is tested based on the multiphase, multidimensional reservoir simulator of MSFLOW (Wu, 2000) .
A generalized conservation equation of mass components in a multiphase, isothermal porous or fractured system, consisting of multiple mass components (C n H 2n+2 , H 2 O, etc.), is written,
where superscript k is the index for components, k = 1, 2, 3,…, N c , with N c being the total number of mass components; M k is the accumulation term of component k in all phases and solids; k q is a source/sink term or fracture-matrix exchange term for component k; R k is a reaction representing mass reaction from solid phases such as adsorption, dissolution and precipitation for component k; and k F is the -flow‖ or transport term of net mass movement or net exchange from multiphase flow and transport.
The mass transport is in general governed by processes of advection, diffusion, and dispersion, and is also subject to other processes such as adsorption and partitioning between phases, and may be described as,
where k X  is the mass fraction of component k in fluid ;   is the density of fluid ;  v is the flow velocity, as defined below, for different flow regimes, k D  is the hydrodynamic dispersion tensor accounting for both molecular diffusion and mechanical dispersion for component k in phase , defined by an extended dispersion model to include multiphase effect and fracture-matrix interaction (Wu and Pruess, 2000) . The velocity in Eq.
(2) will evaluated (1) using the Darcy's law with Klinkenberg effects (for gas flow); (2) using the nonlinear flow models to describe non-Darcy flow behavior (e.g., Wu, 2002) and (3) conditions where flow may not occur until the pressure or potential gradient reaches a certain threshold value (Wu and Pruess, 1998) . In addition, stress-sensitive shale gas and tight-gas formation is handled using the coupled modeling approaches with observation and experimental results and previous research , in which the effective porosity, permeability, and capillary pressure of rock, in particular, for multi-scaled fractures, are assumed to correlate with the mean effective stress.
 v is the flow velocity (or volumetric flow rate) in Eq. (2), defined differently under different flow regimes or situations, as discussed in the following.
Darcy's Flow:
When the Darcy's law is applicable, the velocity,  v , is defined as,
where k is the absolute/intrinsic permeability of the formation, treated as a function of effective stress for stress sensitive reservoirs or pressure with Klinkenberg effect; k r is relative permeability to phase , treated as a function of fluid saturation;   is the viscosity of phase  as a function of pressure; and    is flow potential gradient, defined as,
where P  is the pressure of phase ; g is gravitational acceleration; and D is the depth from a datum.
Non-Darcy's Flow:
In addition to multiphase Darcy flow, non-Darcy flow may also occur between and among the continua in tight gas reservoirs. The flow velocity,  v , for non-Darcy flow of each fluid may be described using the multiphase extension of the Forchheimer equation (e.g., Wu, 2002) ,
where   is the effective non-Darcy flow coefficient with a unit m -1 for fluid  under multiphase flow conditions.
Non-Newtonian Flow:
Non-Newtonian flow is used in this work to describe conditions where flow may not occur until the pressure or potential gradient reaches a certain threshold value, which is similar to Bingham non-Newtonian fluid flow in porous media. Such a threshold-pressure-gradient concept is commonly used to describe nonlinear flow behavior in low permeability reservoirs Lei et al. 2007 ). Instead of introducing an apparent viscosity for Bingham fluid, an effective potential gradient approach, as follows, has been proven to be more efficient numerically (Wu et al., 1992) . Using the effective potential gradient, the flow of gas or liquid in a low-permeability reservoir is described by,
where  b, is the Bingham plastic viscosity coefficient for phase ; and    e is the effective potential gradient whose scalar component in the x direction (the flow direction) is defined as,
where G is the threshold (or minimum) potential gradient for the fluid to become mobile.
Coupled fluid flow and geomechanics: geomechanics play an important role in development of unconventional resources. During a hydraulic fracturing, the stresses at close vicinity to the well are alternated by both fracture face displacement and pore pressure change. Consequently, they may activate natural fractures and therefore open microflow channels in the drainage area of stimulated wells. Furthermore, during the production period, pressure decreasing induces change in effective stresses. As a result, the width and permeability of micro channels are altered. To capture such an effect, we fully couple geomechanics to fluid flow modules. The inherent assumptions for the development of the geomechanics module are listed as follows:
 Rock mechanics properties are isotropic  Rock behaves as a perfectly elastic media (linear, reversible and non-retarded mechanical behavior)  Rock deformation are relatively small and can accurately compute using small strains assumption;  Lateral deformation of rock frame is negligible compare to vertical displacement (uniaxial strain)
Although the fracture face displacement typically occurs in lateral directions, it only affects early production performance by activating natural fractures. While, we assumed that the area of activated natural fracture is known from microseismic data, long term production performance, dominated by pressure induced stress changes, can be calculated. Under uniaxial strain assumption, stress changes can be expressed as
where σ' is effective stress (psi), Δσ' x is effective stress change in x-direction (psi), Δσ' y is effective stress change in y-direction (psi), Δσ' z is vertical effective stress change (psi), ε z is vertical strain where ε z =0 at the initial condition, ΔP is pressure change (psi) defined as (P -P i ), α is Biot constant, ν is Poisson ratio, and E is elastic modulus (psi).
Note that, Eqs. (9) -(11) are fully coupled to fluid flow model. The scheme does not require additional primary variable, as such minimum computational load is required.
Stress-Sensitive Formation:
Based on the observation from experimental results (e.g., Wu et al. 2008 ) and previous research (Terzaghi, 1943; , the effective porosity, permeability, and capillary pressure of rock are assumed to correlate with the mean effective stress (' m ) as,
where  x ,  y , and  z are total stress in x, y, and z-directions, respectively. With the definition of the mean effective stress in Eq. (8), the effective porosity of formation is defined as a function of mean effective stress only,
Similarly, the intrinsic permeability is related to the effective stress, i.e.,
For capillary-pressure functions, the impact of rock-deformation or pore-change is accounted for using the Leverett function (Leverett, 1941) ,
where P c is the capillary pressure between gas and water as a function of water or gas saturation; C p is a constant; and the superscript 0 denotes reference or zero-stress condition.
A conceptual model consisting of cubic blocks is used to characterize a highly fractured system. Flow in this system occurs through the apertures between blocks, and changes in the three-dimensional stress field cause these apertures to change width.
where w f is fracture aperture (μm) and σ n ' is effective normal stress to fracture plane. Porosity and permeability correction factors can be calculated from aperture changes.
where  f is fracture porosity, w fx ,w fy ,w fz are fracture widths in direction perpendicular to x, y, and z direction.
To incorporate rock-deformation effects at a given site, the proposed model correlations, Eqs. (10), (11), (12), and (13), need to be determined from laboratory or field studies. The key for applicability of these models in multiphase flow simulations coupled with rock deformation is that the distribution of effective stress or total stress field must be predetermined as a function of spatial coordinates and pressure fields, as in Eqs. (8) -(10). In practice, the stress distribution may be estimated analytically, numerically, or from field measurements, because changes in effective stress are primarily caused by changes in reservoir pressure. These models can be significantly simplified for coupling multiphase gas flow with rock deformation in stress-sensitive formations in numerical simulation, if the in situ total stress in reservoirs is constant or a function of spatial coordinates as well as fluid pressure.
Klinkenberg Effect: In low-permeability formation or under low pressure condition, the Klinkenberg effect may be too significant to be ignored when modeling gas flow in reservoirs . Under such flow conditions, absolute permeability for the gas phase is written as a function of gas pressure as,
where  k is constant, absolute gas-phase permeability under very large gas-phase pressure (where the Klinkenberg effect is minimized); and b is the Klinkenberg factor, depending on the pore structure of the medium and formation temperature.
Fracture Flow Conceptual Model: Handling highly anisotropic fractures and multiple scale of heterogeneity in fractures of shale/tight formations is the key of unconventional reservoir simulators, because the success of any production scenarios in shale oil/gas and tight gas reservoirs depends on (1) how to enhance oil/gas flow through hydraulic or nature fractures and (2) how to handle mass transfer between different-scaled, fracture-matrix (including micro-fractures), and pore and flow domains. We implement a general fracture conceptual model for modeling various types of fractures and model domains in shale and tight oil/gas reservoirs, including discrete-hybrid-double-, and other multiple-continuum conceptual models for multi-scaled fractures and matrix systems and flow/rock domains. The technique used in developing and implementing general fracture conceptual models to simulating fluid and heat flow processes in fractured unconventional reservoirs follows a generalized dual-continuum methodology (Kazemi, 1969; Pruess and Narasimhan, 1985; Wu and Pruess, 1988; Wu and Qin, 2009 ). This method treats fracture and matrix flow and interactions using a multi-continuum numerical approach, including the double-or multiporosity method, the dual-permeability method, and the more general MINC method (Pruess and Narasimhan, 1985) . It has been shown (e.g., Wu et al. 2004 ) that the same continuum concept is also applicable to multiphase flow though single or multiple discrete fractures, hydird grid, or fracture network.
Numerical Formulation
The methodology for using numerical approaches to simulate multiphase flow and transport in unconventional reservoirs consists in general of the following three steps: (1) spatial discretization of mass conservation equations; (2) time discretization; and (3) iterative approaches to solve the resulting nonlinear, discrete algebraic equations.
Discrete Equations: The component mass-balance Equations (Eq.1) are discretized in space using a control-volume or integrated finite difference concept, as shown in Fig. 1 . The control-volume approach provides a general spatial discretization scheme that can represent a one-, two-or three-dimensional domain using a set of discrete meshes. Each mesh has a certain control volume for a proper averaging or interpolation of flow and transport properties or thermodynamic variables. Time discretization is carried out using a backward, first-order, fully implicit finite-difference scheme. The discrete nonlinear equations for components of water, gas and oil at gridblock or node i can be written in a general form:
(k = 1, 2, 3, …, N c ) and (i=1, 2, 3, …, N) where superscript k serves also as an equation index for all mass components with k = 1, 2, 3, …, N c ; superscript n denotes the previous time level, with n+1 the current time level to be solved; subscript i refers to the index of gridblock or node i, with N being the total number of nodes in the grid; t is time step size; V i is the volume of node i;  i contains the set of direct neighboring nodes The -flow‖ terms in Eq. (17) are generic and include mass fluxes by advective and dispersive processes, as described by Eq. (2). The phase mass flow term of Eq. (17) for multiphase flow is described by a discrete version of Darcy's law, i.e., the mass flux of fluid phase  along the connection is given by
where  ,i j+1/2 is the mobility term to phase , defined as
In Eq. (18b), ij  is transmissivity and is defined differently for finite-difference or finite-element discretization. If the integral finite-difference scheme ) is used, the transmissivity is evaluated as,
where ij A is the common interface area between the connected blocks or nodes i and j; D i is the distance from the center of block i to the common interface of blocks i and j; and k ij+1/2 is an averaged (such as harmonic-weighted) absolute permeability along the connection between elements i and j. The flow potential term in Eq. (18b) is defined as,
where Z i is the depth to the center of block i from a reference datum. Handling fractured media: to implement all fractured modeling approaches, special attention is needed to calculate fracturematrix mass transfer where a quasi-steady state is assumed e.g. in double-porosity, dual-permeability. The flow between fractures and matrix is still evaluated using Eq. (18b); however, the transmissibility for the fracture-matrix flow is given by,
where A FM is the total interface area between fractures and matrix of element i and j (one of them is a fracture and the other is a matrix blocks); k M is a matrix absolute permeability; and l FM is a characteristic distance representing an equivalent length of average matrix block pressure for a quasi-steady state flow. It can be calculated from ideal one-, two, and three-dimensional rectangular matrix block.
Handling Klinkenberg effects:
To include the Klinkenberg effect on gas flow, the absolute permeability to gas phase in (17) should be evaluated using Eq. (16), as a function of gas phase pressure. Handling rock deformation effects: If the stress field is predetermined or estimated numerically as a function of spatial coordinates and fluid pressure, the effect of rock deformation on fluid flow can be evaluated using Eq. (10) and (14) for porosity, Eq. (11) and (15) for absolute permeability, and Eq. (12) for capillary pressure, respectively, as functions of effective stress and other primary and secondary variables in numerical formulation.
Handling "non-Newtonian" flow: In the case that gas or water flow is subject to a threshold potential gradient, the discrete potential gradient in (18b) should be replaced by the effective potential gradient, Eq. (7) for phase flow term evaluation.
Handling non-Darcy flow:
Under the non-Darcy flow condition of Eq. (5), the flow term ( ij , flow  ) in Eq. (18) along the connection (i, j), between elements i and j, is numerically defined as (Wu, 2002) , (23) in which the non-Darcy flow transmissivity is defined as,
Note that Eq. (17), a discrete equation of mass conservation, has the same form regardless of the dimensionality of the model domain, i.e., it applies to one-, two-, or three-dimensional analyses of flow through porous or fractured media.
For mass component transport, the -flow‖ term or the net mass flux by advection and hydrodynamic dispersion of a component along the connection of nodes i and j, is determined by
where k ij , A F and k ij , D F are the net mass fluxes by advection and hydrodynamic dispersion along the connection, respectively, with
where n ij is the unit vector along the connection of the two blocks i and j.
In evaluating the -flow‖ terms in the above Eqs. (17)-(27), subscript ij+1/2 is used to denote a proper averaging or weighting of fluid flow, component transport, or heat-transfer properties at the interface or along the connection between two blocks or nodes i and j. The convention for the signs of flow terms is that flow from node j into node i is defined as -+‖ (positive) in calculating the flow terms.
Note that we present explicit, discrete expressions for estimating all the flow terms above, except for dispersive fluxes in Eq. (25). This is because of the numerical difficulties introduced in handling the hydrodynamic tensor of dispersion, which is treated very differently with different numerical approaches, such as finite difference or finite element. In most formulations for solute transport, the off-diagonal terms and contributions of the dispersion tensor are ignored, and dispersive transport is considered only along the principal directions. However, a general procedure for using the integral finite difference to incorporate a full dispersion tensor is presented by Wu and Pruess (2000) .
Eq. (17) presents a precise form of the balance equation for each mass component and heat in a discrete form. It states that the rate of change in mass accumulation (plus decay/generation, adsorption or desorption, if existing) at a node over a time step is exactly balanced by inflow/outflow of mass, and also by sink/source terms, when existing for the node. As long as all flow terms have flow from node i to node j equal to and opposite to that of node j to node i for fluids, components, and heat, no mass will be lost or created in the formulation during the solution. Therefore, the discretization in Eq. (17) is conservative.
Numerical Solution Scheme
There are a number of numerical solution techniques that have been developed in the literature over the past few decades to solve the nonlinear, discrete equations of reservoir simulations. When handling multiphase flow and multicomponent transport in a multiphase flow system, the predominant approach is to use a fully implicit scheme. This scheme is best because of the extremely high nonlinearity inherent in those discrete equations and the many numerical schemes with different level of explicitness that fail to converge in practice. In this section, we discuss a general procedure to solve the discrete nonlinear Eq. (17) fully implicitly, using a Newton iteration method.
Let us write the discrete nonlinear Eq. (17) in a residual form as,
(k = 1, 2, 3, …, N c ; i = 1, 2, 3, …, N).
Eq. (28) defines a set of (N c )  N coupled nonlinear equations that need to be solved for every balance equation of mass components, respectively. In general, (N c ) primary variables per node are needed to use the Newton iteration for the associated (N c ) equations per node. The primary variables are usually selected among fluid pressures, fluid saturations, and mass (mole) fractions of components in fluids. In many applications, however, primary variables cannot be fixed and must be allowed to vary dynamically to deal with phase appearance and disappearance (Forsyth, 1994) . The rest of the dependent variables, such as relative permeability, capillary pressures, viscosity and densities, partitioning coefficients, and dispersion tensor, as well as nonselected pressures, saturations, and mass (mole) fractions-are treated as secondary variables, which are calculated from selected primary variables.
In terms of the primary variables, the residual equation, Eq. (28), at a node i is regarded as a function of the primary variables at not only node i, but also at all its direct neighboring nodes j. The Newton iteration scheme gives rise to
where x m is the primary variable m with m = 1, 2, 3, …, N c , respectively, at node i and all its direct neighbors; p is the iteration level; and i =1, 2, 3, …, N. The primary variables in Eq. (29) need to be updated after each iteration, Numerical methods are generally used to construct the Jacobian matrix for Eq. (29), as outlined in Forsyth et al. (1995) . At each Newton iteration, Eq. (29) represents a system of (N c )  N linearized algebraic equations with sparse matrices, which are solved by a linear equation solver.
Treatment of Initial and Boundary Conditions: A set of initial conditions is required to start a transient simulation, i.e., a complete set of primary variables need to be specified for every gridblock or node. A commonly used procedure for specifying initial conditions is the restart option, in which a complete set of initial conditions or primary unknowns is generated in a previous simulation, with proper boundary conditions described.
Because of more physical and chemical constraints, boundary conditions for a multiphase flow and transport problem are generally much more difficult to handle than for a single-phase situation. When using a block-centered grid, first-type or Dirichlet boundary conditions can be effectively treated with the -inactive cell‖ or -big-volume‖ method, as normally used in the TOUGH2 code . In this method, a constant pressure/saturation/concentration/temperature node is specified as an inactive cell or with a huge volume, while keeping all the other geometric properties of the mesh unchanged. With finite-element or edgecentered finite-difference grids, first-type boundary conditions and Neuman boundary conditions can be treated using a generalized, sink/source term approach (Wu et al. 1996) . Description of more general types of flux or mixed boundaries, such as bottom water drive and multilayered wells of production or injection, is part of the solution, and general procedures for handling such boundary conditions are discussed in Wu et al. (2000; 1996) .
Application
In this section, we demonstrate the use of the proposed mathematical model for modeling oil production from a shale oil reservoir associated with hydraulic fracturing. The stress alteration induced by hydraulic fracturing activates existing natural fractures, and therefore opens microflow channels in the drainage area of stimulated wells. Seismic data collected in unconventional reservoirs has indicated that the stimulated areas are much larger than a simple planar fracture could create. Here we present the simulation of a hydraulic fracturing problem as an example case to illustrate the capability of our hybrid fracture model to capture such the complex fracture network in these reservoirs. Fig. 2 shows the schematic of the level of fracture complexities (Warpinski et al., 2008) .
The system we modeled includes a single vertical hydraulic fracture in the drainage area of a well in a 3-D setting. A shale oil reservoir is divided into two natural fractured areas-active and non-active, Fig. 3 . Fluids in the system include oil and water. The same vertical well is used for both injection and production depending on the stage of the hydraulic fracturing process.
To simulate performance of this system using our model, the hydraulic fracture is represented by the discrete fracture model, an active naturally-fractured reservoir area is described by the continuum fracture model, while a non-active natural fractured reservoir area is represented by the single-porosity model. Since the system is symmetric, only a quarter of this hydraulically fractured reservoir system is modeled (Fig. 4) . The basic parameter set for the simulation is summarized in Table 1. Figs. 5 shows the permeability map in the drainage area of the well both before and after a hydraulic fracturing treatment, respectively. An increase in pore pressure around the hydraulic fracture causes significant reduction in the effective stresses, potentially reopening the existing healed natural fractures or creating new fractures. As a result, the permeability near the well of the reservoir is significantly improved. This effect would help increase the well performance in the initial production. However, the long-term well performance depends on the behavior of these opened natural fractures. If these fractures are not fully closed when pressure drop below the initial pressure, which is typically the case due to the roughness of the face of the natural fractures, we could see significant improvement in production as shown in Fig. 6 .
Summary and Concluding Remarks
In this paper, we present a unified mathematical model for oil or gas flow in unconventional, low-permeability porous or fractured reservoirs of shales or tight formations. To describe gas flow behavior in such low-permeability, highly heterogeneous porous or fractured, and stress-sensitive rock, the model formulation incorporates many relevant physical processes, i.e., Klinkenberg effect, non-Newtonian behavior, non-Darcy flow with inertial effect, and coupled rock deformation with multiphase fluid flow. The proposed mathematical model has been implemented and tested using a multiphase, multidimensional reservoir simulator. The numerical implementation of the unified formulation is based on a control-volume spatial discretization, using an unstructured grid, and the time discretized with a fully implicit finite-difference method. The final discrete linear or nonlinear equations are handled fully implicitly, using Newton iteration.
The proposed numerical modeling approach, based on a general multiple-continuum concept, is suitable for modeling various types of fractured or porous reservoirs, including double-, triple-, and other multiple-continuum conceptual models for multiscaled fractures and matrix systems. The proposed general modeling methodology is demonstrated for its application in the example case where oil production is simulated using a hybrid, discrete-fracture, double-porosity, and single-porosity model from a low permeability, hydraulic fractured shale oil reservoir. The model application to actual shales or tight gas reservoirs is an ongoing research project and will be reported in the future. 
